Galectin-2 (Gal-2) is a lectin thought to play protective roles in the gastrointestinal tract. Oxidation of mouse Gal-2 (mGal-2) by hydrogen peroxide (H 2 O 2 ) results in the loss of sugar-binding activity, whereas S-nitrosylation of mGal-2, which does not change its sugar-binding profile, has been shown to protect the protein from H 2 O 2 -induced inactivation. One of the two cysteine residues, C57, has been identified as being responsible for controlling H 2 O 2 -induced inactivation; however, the underlying molecular mechanism has not been elucidated. We performed structural analyses of mGal-2 using nuclear magnetic resonance (NMR) and found that residues near C57 experienced significant chemical shift changes following S-nitrosylation, and that S-nitrosylation slowed the H 2 O 2 -induced aggregation of mGal-2. We also revealed that S-nitrosylation improves the thermal stability of mGal-2 and that the solvent accessibility and/or local dynamics of residues near C57 and the local dynamics of the core-forming residues in mGal-2 are reduced by S-nitrosylation. Structural models of Gal-2 indicated that C57 is located in a hydrophobic pocket that can be plugged by S-nitrosylation, which was supported by the NMR experiments. Based on these results, we propose two structural mechanisms by which Snitrosylation protects mGal-2 from H 2 O 2 -induced aggregation without changing its sugar-binding profile: (a) stabilization of the hydrophobic pocket around C57 that prevents oxidation-induced destabilization of the pocket, and (b) prevention of oxidation of C57 during the transiently unfolded state of the protein, in which the residue is exposed to H 2 O 2 .
Introduction
Galectins are a family of carbohydrate-binding proteins (lectins) that specifically bind to b-galactosides [1, 2] . Fifteen galectins have been identified in mammals, each of which displays a distinct expression pattern; for example, galectins-1 and -3 are expressed widely in various tissues, while galectins-2 and -7 are located in specific tissues [3] . Galectin-2 (Gal-2) was first identified as a protein highly expressed in gastric cells, predominantly in epithelial cells of the rat stomach [4] . Expression of Gal-2 has been confirmed in surface mucous cells and mucous neck cells in mice [5] and both inside and outside the enterocyte brush border of the small intestine in pigs [6] . Gal-2 is thought to play protective roles in the gastrointestinal tract, based on the observations that administration of Gal-2 induces apoptosis of lamina propria T cells and ameliorates colitis in mice [7] , and that Gal-2 expression is reduced in gastric cancer cells in mice and humans [8, 9] .
Gal-2 is a member of the proto-type galectins and functions as a homodimer [10] . Human galectin-2 (hGal-2) forms a b-sandwich structure composed of two stacked b-sheets, each of which comprises five or six b-strands [11, 12] . The b-strands F1 and S1 on one side of the Gal-2 monomer form a dimer interface, while b-strands S4-6 on the other side of the monomer constitute the sugar-binding site. Gal-2 contains two highly conserved cysteine residues: C57, which is located on the b-strand S5, and C75, which is situated on a loop connecting b-strands F3 and S6. These cysteine residues do not form any intra-or inter-subunit disulfide bonds [11, 12] .
Reactive oxygen species (ROS), including hydrogen peroxide, the superoxide anion, and the hydroxyl radical, are produced in the stomach in response to various stimuli (e.g., Helicobacter pylori infection) and have damaging effects on the stomach, raising the risk of diseases such as gastric cancer [13] . On the other hand, reactive nitrogen species (RNS) derived from nitric oxide (NO) play defensive roles in the stomach, for example, by mediating vasodilation in the gastric mucosal microvasculature; inhibition of NO synthesis delays recovery from ulcers [14] . Gal-2 was identified in a screen of mouse gastric mucosal proteins that are especially sensitive to S-nitrosylation [15] . S-nitrosylation, which involves the coupling of an NO group to the reactive thiol of a cysteine residue in a polypeptide, is known to be an important post-translational modification in a variety of proteins [16] . ROS and RNS exert opposite effects on mouse galectin-2 (mGal-2); hydrogen peroxide-induced oxidation of mGal-2 diminishes its sugar-binding activity, while S-nitrosylation of mGal-2 protects the protein from oxidation-induced inactivation [17, 18] . One of the two cysteine residues of mGal-2, C57, has been identified as being responsible for this inactivation switch [18] .
In this study, we first characterized chemical modifications of mGal-2 induced by oxidation and S-nitrosylation using liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS). Then, we investigated the effects of S-nitrosylation and oxidation on the structure of mGal-2 using NMR spectroscopy. We also compared the thermal stability of S-nitrosylated and non-S-nitrosylated mGal-2 using CD spectroscopy. Based on these results, we discuss possible mechanisms by which S-nitrosylation protects mGal-2 from oxidation-induced inactivation.
The antioxidative effect of S-nitrosylation, mediated by nitric oxides, is likely important for Gal-2 to function under oxidative stress in tissues such as the gastrointestinal tract. Knowledge about the molecular mechanisms underlying the functional modulation of Gal-2 by reactive chemical species could possibly contribute to the prevention of gastric ulcers and cancers and the use of galectins as protein drugs to treat diseases.
Results

Chemical modifications of mGal-2 induced by oxidation and S-nitrosylation
To determine chemical structures of amino acids in oxidized and S-nitrosylated mGal-2, we identified the mGal-2 peptide fragments using LC/MS/MS for non-S-nitrosylated and S-nitrosylated mGal-2 with and without hydrogen peroxide treatment. Figure 1A compares mass chromatograms for the peptide containing C57 (FDESTIVCNTSEGGR) with and without oxidation. The original mass spectra are shown in Dataset 1 (available at figshare). The molecular weight of the oxidized peptide was 32 or 48 higher than that of the untreated peptide for most of the molecules, indicating the thiol group of C57 was mostly converted to a sulfonyl or sulfate group by oxidation. On the other hand, the molecular weight of the S-nitrosylated peptide and the S-nitrosylated and oxidized peptide was 29 higher than that of the untreated peptide (Fig. 1B) , suggesting a nitroso group was attached to the thiol group of C57 and the resultant S-nitrosylated C57 was mostly unaffected by oxidation. We also analyzed the peptide containing C75 (ENHMCFSPGSEVK) and found that C75 was chemically modified in the same manner as C57 (Fig. 1C,D) . In addition to the cysteine residues, each of the four methionine residues (M12, M16, M74, and M119) in non-S-nitrosylated and Snitrosylated mGal-2 with oxidation were found to be partially oxidized to form methionine sulfoxide (Fig. 1E,F) .
Structural perturbations of mGal-2 induced by S-nitrosylation
To reveal the structural perturbations induced by Snitrosylation of mGal-2, we compared the structures of Fig. 1 . Comparison of product mass chromatograms of mGal-2 peptide fragments containing (A and B) C57, (C and D) C75, and (E and F) M12 and M16. Panels A, C, and E represent results obtained for non-S-nitrosylated mGal-2, while panels B, D, and F show charts for Snitrosylated mGal-2. In panels A, C, and E, left, middle, and right columns correspond to supernatant of nonoxidized sample, supernatant of oxidized sample, and precipitate of oxidized sample, respectively. In panels B, D, and F, left and right columns correspond to supernatant of non-oxidized sample and supernatant of oxidized sample, respectively. In panels A and C, upper, middle, and lower rows correspond to fragments with theoretical molecular weight expected from the sequence, theoretical molecular weight plus 32 (two oxygen atoms), and theoretical molecular weight plus 48 (three oxygen atoms), respectively. In panels B and D, upper, middle, and lower rows correspond to fragments with theoretical molecular weight expected from the sequence, theoretical molecular weight plus 29 (nitrosylation), and theoretical molecular weight plus 32 (two oxygen atoms), respectively. In panels E and F, upper and lower rows correspond to fragments with theoretical molecular weight expected from the sequence and theoretical molecular weight plus 16 (an oxygen atom), respectively.
S-nitrosylated and non-S-nitrosylated mGal-2 using NMR spectroscopy. Figure 2A shows 15 N HSQC spectrum of non-S-nitrosylated mGal-2 superimposed on that of S-nitrosylated mGal-2. The resonances of S-nitrosylated mGal-2 were assigned independently and chemical shift differences in main-chain amide groups between the non-S-nitrosylated and S-nitrosylated variants were quantitatively evaluated as shown in Fig. 2C . These chemical shift differences were >0.15 ppm for seven residues (V56, C57, Q69, R70, N72, F76, and L103), between 0.1 and 0.15 ppm for 11 residues (H45, N47, I55, N58, T59, K83, T85, D99, H101, T104, and F105), and between 0.05 and 0.1 ppm for 19 residues (I20, K23, D29, R30, F31, L32, S53, S60, E61, E68, E71, M74, G79, S80, V82, I84, V95, L97, and Q123). The NH signal from C75 was not observed in the spectrum of non-S-nitrosylated mGal-2, but was observed in the spectrum of S-nitrosylated mGal-2.
Most of the residues with large (> 0.15 ppm) chemical shift differences are located in four b-strands: F5, S4, S5, and S6 (Fig. 3A) . One of the two cysteine residues in mGal-2, C57, is positioned in the b-strand S5 at the center of the residues that experience S-nitrosylation-induced chemical shift changes. This observation suggests that the chemical shift changes in these four b-strands were caused predominantly by S-nitrosylation at C57.
The other cysteine residue, C75, is located in the middle of the loop connecting b-strands S6 and F3, and residues spatially close to C75, such as M74, F76, and D99, also experienced chemical shift changes as a result of S-nitrosylation (Fig. 3A) . This observation indicates both C57 and C75 are S-nitrosylated in mGal-2 and is consistent with the LC/MS/MS results described in the previous section and our previous report [17] . However, the changes in chemical shift observed for the residues around C75 were less prominent than those observed for the residues around C57, indicating that the extent of S-nitrosylation-induced structural perturbation was less around C75 than around C57. K83 and T85, located on the b-strand F3, showed relatively large chemical shift perturbations induced by S-nitrosylation. These chemical shift changes may have originated from a secondary change in the structure of F3 induced by the remote S-nitrosylation(s), possibly involving changes in the hydrogen-bond network between F3 and the adjacent b-strand, F4.
A noteworthy feature of the modeled structure of mGal-2 is that C57 is located at the bottom of a hydrophobic pocket formed by L44, F46, I55, V95, L103, and F105 (Figs 3B and 4). The rim of the pocket is formed by Q69, R70, E71, L103, and T104; each of these residues experienced chemical shift changes following S-nitrosylation.
In addition to the chemical shifts of amide groups, we also analyzed the effect of S-nitrosylation on 13 C a chemical shifts (Fig. 5) . A few residues, mostly located around C57, showed 13 C a chemical shift changes of more than 0.2 ppm, indicating that the main-chain dihedral angles of these residues were affected by S-nitrosylation of the protein [19] . These changes may have involved twisting of the b-strands and subsequent changes in the orientation of the side chains on the bstrands. However, most of the other residues in mGal-2 did not experience marked 13 C a chemical shift changes upon S-nitrosylation, indicating that the majority of the b-sandwich structure of the protein was unaffected.
We further analyzed secondary structures of non-Snitrosylated and S-nitrosylated mGal-2 based on experimentally obtained chemical shifts of main-chain and side-chain atoms using the program TALOS+ [20] . Figure 6 compares the secondary structural units predicted from chemical shifts with those in the modeled mGal-2 structure. Most of the predicted b-strands, especially b-strands F5, S5, and S6 on which the hydrophobic pocket is formed, matched well with those in the modeled structure, supporting the validity of the modeled structure of mGal-2. Figure 7 shows locations of the residues with doubled NMR signals. Most of these residues are located in six b-strands: F2, F3, F4, S2, S3, and S4, and three interstrand loops: F2-S3, S3-S4, and S5-S6. Since peak duplication was not observed for residues at the dimer interface, it is not likely caused by the formation of a differently interacted dimer or a monomer-dimer equilibrium. Rather it would originate from a dimertetramer equilibrium because only single peaks were observed for a diluted (140 lM) mGal-2 sample, and some of the residues with doubled peaks, such as V28, D29, R30, F31, L32, G120, and G121, are located at the intersubunit interface in the crystal structure of hGal-2 hexamer [12] . The relative ratio of the intensities of the two peaks (I broader peak /I narrower peak ) was in C a chemical shift changes as a result of Snitrosylation. Cyan-colored residues displayed minimal chemical shift changes (|Dd| < 0.2 ppm), indicating that S-nitrosylation had little or no effect on their secondary structure. Yellow-and orange-colored residues exhibited perturbations in their mainchain dihedral angles (0.2 ppm < |Dd| < 0.4 ppm and |Dd| > 0.4 ppm, respectively).
the range of 1 AE 0.25 for 30 of 47 (64%) residues, suggesting that the concentration of the dimer-forming subunit is similar to that of the tetramer-forming subunit in the sample containing 0.9 mM mGal-2. The relative intensity ratio of the doubled peaks was unchanged by S-nitrosylation, indicating this probable dimer-tetramer equilibrium was not influenced by Snitrosylation.
Hydrogen peroxide-induced aggregation of mGal-2
To reveal the effect of hydrogen peroxide on the structure of mGal-2, we analyzed time-dependent spectral changes in mGal-2 after the addition of hydrogen peroxide (Fig. 8) . The addition of hydrogen peroxide did not alter the Since we did not observe signals originating from partially unfolded states of the protein, it is presumed that the hydrogen peroxide-induced oxidation of mGal-2 led to denaturation and simultaneous aggregation of the protein. Indeed, we observed precipitate in the sample tube after the NMR experiment.
On the other hand, in the case of S-nitrosylated mGal-2, the rate of signal reduction induced by hydrogen peroxide was lower than that for non-S-nitrosylated mGal-2, with an average rate of reduction in signal intensity for each residue of 0.020 AE 0.010 h À1 (Figs 8B,C and 9, and Dataset 2 available at figshare). The aggregation rate of S-nitrosylated mGal-2 was evidently slower than that of non-S-nitrosylated mGal-2, indicating that hydrogen peroxide-induced aggregation was moderated by S-nitrosylation.
Thermal stability of mGal-2 analyzed by CD spectroscopy
The slower denaturation/aggregation rate of S-nitrosylated mGal-2 under oxidative conditions, compared with non-S-nitrosylated mGal-2, suggested the possibility that S-nitrosylation affected the thermal stability of the protein. To explore this possibility, we examined temperature-dependent conformational changes in mGal-2 using CD spectroscopy. Figure 10 shows the temperature-dependent increase in molar ellipticity at 217 nm (h 217 ), which reflects the thermal denaturation of b-sheet structures, for non-S-nitrosylated mGal-2, S-nitrosylated mGal-2, and the C57M variant [17, 18] of mGal-2. The melting temperature (T m ) of non-Snitrosylated mGal-2 was 66.7°C, whereas both the S-nitrosylated and C57M variants of mGal-2 showed T m values of 72.5°C, indicating that S-nitrosylation of the thiol group of C57 and substitution of the side chain of C57 with the longer methionine side chain both resulted in a 6°C upshift of T m values. Because aggregations were formed during the experiments, the thermal denaturation processes of mGal-2 variants were not entirely reversible, which prevented quantitative comparison of the thermal stability of the variants. Nevertheless, it is strongly suggested that the S-nitrosylation of C57 improves the thermal stability of mGal-2.
Hydrogen-deuterium exchange study of mGal-2
Chemical exchange rates between amide protons and water deuterons (H/D exchange rates) are dependent on protein dynamics and provide information on the local flexibility and transient partial unfolding (breathing) of proteins [21, 22] , as well as the solvent accessibility of amide protons. We examined the H/D exchange rates of the main-chain amide protons in mGal-2 to identify sites at which solvent exposure and/or dynamics were altered by S-nitrosylation. Figure 11A shows the time-dependent signal decays observed for two representative mGal-2 residues. For non-S-nitrosylated mGal-2, out of the 120 assigned NH signals, six signals were observed only in the first HSQC spectrum (e.g., F46, Fig. 11A ) . Out of the 21 residues for which k ex values were determined for both non-Snitrosylated and S-nitrosylated mGal-2, S-nitrosylation resulted in a > 70% reduction in k ex for 15 residues (L18, K19, I33, N34, G36, Q37, L44, I86, T87, F93, V95, F105, Y116, L117, and S118) and a 40-70% reduction for five residues (K13, I84, K94, L97, and L114). In addition to these residues that exhibited quantitative reductions in k ex , 12 residues (M16, K23, L32, L35, N43, F46, T54, I55, V56, C57, Q69, and T85) displayed a qualitative decrease in the rate of H/D exchange following S-nitrosylation; the NH signals of these residues lasted longer in D 2 O in the Snitrosylated protein (e.g., F46, Fig. 11A ). Figure 11B shows the location of these residues on the modeled structure of mGal-2. Most of the mGal-2 residues for which H/D exchange was slow enough that k ex values could be obtained (colored red, magenta, and blue in Fig. 11B ) were located on b-strands F2-4 and S2-3, indicating that these regions constitute the core of the protein (Fig. 11B) . These core-forming residues all experienced decreased H/D exchange rates, but not NH chemical shift changes, following S-nitrosylation (Fig. 3A) . These results suggest that S-nitrosylation stabilized the core of mGal-2 without causing substantial structural changes. S-nitrosylation also decreased the rate of H/D exchange in residues around C57. Since these residues experienced large NH chemical shift changes following S-nitrosylation, the observed differences in H/D exchange around C57 could be explained by structural changes and consequent decreases in solvent accessibility. Another possibility is that S-nitrosylation of C57 may have stabilized the local structure around C57, reducing the frequency of transient unfolding and slowing H/D exchange in residues around C57.
Discussion
In the gastrointestinal tract, Gal-2 can be deactivated by various oxidative stresses such as Helicobacter pylori infection [13] . In this study, we indicated that the H 2 O 2 -induced deactivation of mGal-2 is caused by the aggregation of this protein (Fig. 8) . The H 2 O 2 -induced aggregation of mGal-2 would be caused not by a local structural perturbation, but rather by denaturation of a large part of the protein, as evidenced by the uniform rate of reduction in the NMR signals associated with mGal-2 upon oxidation (Fig. 9) . Since the C57M variant of mGal-2 retains its sugar-binding and hemagglutination activities even after exposure to H 2 O 2 , and the secondary structure of the C57M variant, analyzed by CD spectroscopy, seems to remain intact after H 2 O 2 treatment, it has been suggested that C57 is responsible for the H 2 O 2 -induced oxidative inactivation of mGal-2 [17, 18] . It has also been reported that no intra-or inter-molecular disulfide bond is formed for mGal-2 after H 2 O 2 -treatment, indicating disulfide bond formation is not involved in the oxidative aggregation of mGal-2 [18] . One possibility is that the aggregation of mGal-2 is initiated by oxidation of the thiol group of C57, N HSQC signals in D 2 O for non-S-nitrosylated mGal-2 or S-nitrosylated mGal-2, indicating that these residues are highly solvent-accessible. Signals associated with yellow-colored residues were not observed for non-S-nitrosylated mGal-2, but were observed for S-nitrosylated mGal-2 in the first spectrum acquired after dissolving the protein in D 2 O. Signals associated with greencolored residues were not observed for non-S-nitrosylated mGal-2, but were observed for S-nitrosylated mGal-2 in more than one spectrum, and k ex values for these residues were obtained. Signals associated with orange-colored residues were observed for non-S-nitrosylated mGal-2 in the first spectrum, and were observed for S-nitrosylated mGal-2 in more than one spectrum, and k ex values for these residues were obtained. Thus, the yellow-, green-, and orange-colored residues displayed qualitative reductions in H/D exchange rates following Snitrosylation. Residues colored blue, magenta, and red displayed slow H/D exchange in both non-S-nitrosylated and S-nitrosylated mGal-2, and differences in k ex were quantitatively evaluated. Blue-colored residues experienced minimal changes in k ex following S-nitrosylation (k ex, mGal-2-NO /k ex, mGal-2 > 0.9), and magenta-and red-colored residues experienced significant reductions in k ex following S-nitrosylation (0.3 < k ex, mGal-2-NO /k ex, mGal-2 < 0.6 and k ex, mGal-2-NO /k ex, mGal-2 < 0.3, respectively). Prolines and unassigned residues are colored gray. The residues that experienced a reduction in the rate of H/D exchange following S-nitrosylation are located in the protein core, formed by bstrands F2-4 and S2-3, and around the pocket formed by the residues on b-strands S4-6. generating a sulfonyl or sulfate group in the hydrophobic pocket around C57 (Figs 1 and 4) . The emerged negative charge and increased size of the side chain of C57 would destabilize the structure of the hydrophobic pocket, leading to spontaneous denaturation of the entire protein. This scenario is supported by the observation that the cavity-forming residues of mGal-2 showed aggregation rate constants similar to those of the core-forming residues (Fig. 9) . In addition to the unfolding process, oxidation can affect the folding process of mGal-2 because it is possible that hydrogen peroxide oxidizes C57, which becomes solvent-exposed during transient unfolding of the protein, and that the partially unfolded oxidized protein does not fold correctly back to the native state, leading to irreversible denaturation and aggregation. The LC/MS/MS data showing that M12 of which side chain is buried inside the protein core was partially oxidized by H 2 O 2 supports the existence of this unfolding-mediated aggregation pathway of mGal-2 upon the oxidation. The fact that the H/D exchange rates of the amide protons on b-strands S5 and S6 were faster than the rate of the hydrogen peroxide-induced denaturation suggests that a certain amount of mGal-2 was degraded by this mechanism.
It has been reported that galectin-1 (Gal-1) is also inactivated by oxidation and that the redox status of the protein's environment may regulate its function [23] . However, the molecular mechanism for the oxidative inactivation of Gal-1 seems to be different from that of Gal-2, because the C60S substitution in Gal-1, which corresponds to the C57S substitution in Gal-2, does not rescue the protein from oxidative inactivation. In addition, inactivation of Gal-1 involves intramolecular disulfide bond formation by cysteine residues that are not conserved in Gal-2 [23] .
We note that hydrogen peroxide treatment does not necessarily induce precipitation of proteins. For example, hydrogen peroxide hardly precipitates C57M variant and S-nitrosylated forms of mGal-2, and the reversible oxidation of galectin-1 [23] and protein tyrosine phosphatase 1B [24] has been reported.
The hydrophobic pocket with a diameter of 7-9 A around C57 is a characteristic feature of the modeled mGal-2 structure (Fig. 4B) . Hydrophobic residues such as L44, F46, I55, V95, L103, and F105 form the wall of the cavity, and C57 is situated at the bottom of the cavity. Since this pocket is also present in the crystal structure of hGal-2 (Fig. 12A,C) , it is unlikely to be an artifactual feature of the mGal-2 model. The pocket is located on the other side of the carbohydrate-binding face of b-strands S4, S5, and S6, toward which amino acid residues responsible for sugar binding, such as H45, N47, R49, V56, N58, W65, E68, and R70, are oriented [11, 12] . Although some of the main-chain signals from these active site residues were affected by S-nitrosylation, the signals from the main-chain and indole NHs of W65 were unaffected by S-nitrosylation (Fig. 3A and Dataset 2 available at figshare). This observation shows convincingly that S-nitrosylation of mGal-2 does not induce critical changes in the sidechain structures of the carbohydrate-binding residues, and is also consistent with our previous finding that S-nitrosylation of the protein had no effect on its affinity and specificity for carbohydrates [17] .
To visualize the effect of S-nitrosylation on the mGal-2 structure, we modeled the structure of the C57M variant of hGal-2. The C57M variant of mGal-2 has been reported to resist hydrogen peroxide-induced oxidation to a similar extent to S-nitrosylated mGal-2 [18] , and the thermal stability of the C57M variant of mGal-2 was shown in this study to be similar to that of S-nitrosylated mGal-2. The two cysteine residues of mGal-2 and the hydrophobic residues that form the cavity surrounding C57 are all conserved in hGal-2 ( Fig. 13 ). Free energy calculations comparing the wildtype and C57M variants of hGal-2 indicated that the C57M substitution stabilizes hGal-2, with a DDG of À2.4 kcalÁmol
À1
. The crystal structure of wild-type hGal-2 (Fig. 12A,C) and the modeled structure of the C57M variant (Fig. 12B,D) are compared in Fig. 12 . In the model of the C57M variant, the methyl group of M57 plugs the hydrophobic pocket, shielding its interior from solvent (Fig. 12C,D) . Since the side chains of methionine and S-nitrosylated cysteine are linear (not branched) and equivalent in length, S-nitrosylation of hGal-2 presumably has the same structural effect as the C57M substitution. Indeed, occlusion of the hydrophobic pocket near C57 in S-nitrosylated mGal-2 is supported by the NH chemical shift changes (Fig. 3) and the H/D exchange rates (Fig. 11B) are observed for residues surrounding the pocket.
Another structural effect of the S-nitrosylation of mGal-2 is increased stability, as revealed by the CD and H/D exchange experiments. The facts that the C57M substitution also improved the thermal stability of mGal-2 and that most of the residues forming the hydrophobic pocket are occluded by M57 in the corresponding variant of hGal-2 (Fig. 12C,D) suggest that shielding of hydrophobic residues from solvent is important for the stabilization of mGal-2 by S-nitrosylation. The enhanced stability of the C57M variant can also be interpreted using the structural modeling study described above. It has been reported that the C57S and C57A variants of hGal-2 are expressed by Escherichia coli as aggregates in inclusion bodies, while the wild-type and C57M variants are expressed as soluble proteins [18, 25] . The less efficient folding of the C57S and C57A variants in E. coli might be explained by insufficient shielding of the hydrophobic pocket surrounding C57 from solvent.
In total, oxidation would deactivate mGal-2 through two aggregation pathways. The first pathway is initiated by destabilization of the hydrophobic pocket around C57 carrying a sulfonyl or sulfate group, and the local destabilization triggers overall denaturation of the protein and subsequent aggregation. The second pathway is started by transient unfolding of mGal-2, and oxidization of solvent-exposed C57 prevents refolding of the protein and induces aggregation. S-nitrosylation would prevent the first aggregation pathway by forming a stable plug in the hydrophobic pocket and shut off the second pathway by chemical protection of the thiol group. In addition to the two possible pathways of aggregation mentioned above, the oxidation of coreforming M12 may destabilize the protein and induce the aggregation of mGal-2. S-nitrosylation will also prevent this pathway by reducing the frequency of transient unfolding of mGal-2. The overall improvement in the stability of mGal-2 would contribute to protection of the protein not only from oxidation-induced aggregation but also from thermal or pH stresses, which would hamper the activity of mGal-2 in the gastrointestinal tract.
In addition to the NO generated enzymatically by NO synthase from L-arginine, large quantities of NO are known to be generated in the stomach by nonenzymatic reduction in salivary nitrate under acidic conditions. NO production in the gastrointestinal tract has various physiological functions, including strengthening of the gastrointestinal barrier in the stomach [26] [27] [28] . Since Gal-2 was identified in a screen of mouse gastric mucosal proteins that are uniquely sensitive to S-nitrosylation [15] , S-nitrosylation of the sulfhydryl group of C57 may be important for maintaining the function of mGal-2 in the oxidizing environment of the gastrointestinal tract. Recently, we reported that Gal-2 could interact with mucin, an important component of gastric mucosa, in a b-galactoside-dependent manner and suggested that Gal-2 plays a role in the gastric mucosa by strengthening the barrier structure through cross-linking the mucins on the mucosal surface [29] . It has been proposed that galectin-3 interacts with the O-glycans of mucins and forms a highly organized and protective cell surface lattice barrier on the apical glycocalyx of ocular surface epithelial cells [30] . Understanding the molecular mechanisms for the protection of mGal-2 from oxidative inactivation by S-nitrosylation should lead to a more detailed analysis of the protective function of Gal-2 in the gastrointestinal tract under oxidative stress. We are planning to conduct further experiments to study the importance of S-nitrosylation of mGal-2, especially in the stomach, using cultured cells and animal models. Furthermore, the S-nitrosylation-induced stabilization of mGal-2 might be useful for future application of mGal-2 as a protein drug, by increasing its stability in tissues. Finally, we emphasize that the mechanisms for the stabilization of mGal-2 presented in this work would be conserved in mammalian Gal-2 and similar galectins in other animals, because the residues that experienced chemical shift changes following S-nitrosylation and the residues that form the hydrophobic pocket surrounding C57 in mGal-2 are conserved in animals (Fig. 13 ).
Materials and methods
Preparation of recombinant mGal-2
The expression and purification of the recombinant wild-type and C57M variants of mGal-2 were performed as previously described with modifications [17, 31] . Briefly, mGal-2 was produced by overnight cultures of E. coli BL21(DE3) at 20°C, and mGal-2 expressed in the soluble fraction of the cell lysate was purified by Galb1-4Fuc-immobilized [32] based on the amino acid sequence of the protein [34] . S-nitrosylation of mGal-2 using S-nitrosocysteine was performed following the method described in the literature [17] . It has been shown previously that treatment of mGal-2 with S-nitrosocysteine results predominantly in S-nitrosylation of cysteine residues; S-nitrosylation of wild-type mGal-2 (with two cysteine residues), the C57M and C75S variants (with one cysteine residue), and the C57M/C75S double variant (with no cysteine residues) yielded two, one, and zero S-nitrosylated residues, respectively [17] .
Oxidation of mGal-2 was conducted by adding hydrogen peroxide (Wako, Osaka, Japan) to a final concentration of 5 mM. Hydrogen peroxide was quantified by measuring its absorbance at 240 nm using a molar extinction coefficient of 43.6 M À1 Ácm À1 .
LC/MS/MS
Each of non-S-nitrosylated mGal-2 with and without oxidation and S-nitrosylated mGal-2 with and without oxidation was digested with trypsin and subjected to LC/MS/MS analyses using an Ultimate 3000 HPLC system coupled online to a LXQ linear ion-trap mass spectrometer (Thermo Fisher Scientific). The peptides were separated by RP-HPLC using a C18 column (L-column, 0.1 9 150 mm, Chemicals Evaluation and Research Institute) with a linear gradient of 0-50% acetonitrile in the presence of 0.1% formic acid at flow rate of 0.5 lLÁmin À1 . For the oxidized samples, both supernatant and precipitate of the sample solutions were analyzed.
CD spectroscopy
CD experiments were carried out using a Jasco J-720WI instrument with a Peltier temperature control unit. The proteins were dissolved in phosphate-buffered saline (PBS: 8.10 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 (pH 7.4), 137 mM NaCl, 2.68 mM KCl; Wako) at a concentration of 27 lM. The CD of the protein samples at 217 nm was measured using a 0.2 cm path length quartz cuvette (Jasco). Measurements were performed at intervals of 1°C from 20 to 90°C with a temperature gradient of 3°C per minute. Melting temperatures were determined by analyzing the temperature-dependent change in molar ellipticity at 217 nm as described previously [35] .
NMR experiments
NMR experiments were carried out using Bruker Avance III HD 500 and 800 spectrometers equipped with TCI cryoprobes at 30°C. Spectra were analyzed using the program Sparky (Goddard, T. D., and Kneller, D. G., University of California, San Francisco).
For the main-chain resonance assignments of mGal-2, we prepared a 13 
C and
15 N doubly labeled sample of mGal-2 at a concentration of 0.9 mM in 10 mM MES buffer (pH 6.5), and placed the sample in a 5 mm symmetrical microtube (Shigemi, Hachioji, Japan). HNCA, HN(CO) CA, HNCACB, CBCA(CO)NH, and HNCO spectra were acquired at a 1 H frequency of 800 MHz with scan numbers of 32, 32, 48, 32, and 24, respectively [36] [37] [38] [39] [40] [41] . These spectra were processed using the program NMRPipe [42] . The resonance assignments of S-nitrosylated mGal-2 were carried out independently by analyzing the same set of the triple resonance spectra measured for a 13 C-and 15 N-labeled Snitrosylated protein sample at a concentration of 0.8 mM in 10 mM MES buffer (pH 6.5), with scan numbers of 32, 32, 48, 48, and 24 for the HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, and HNCO spectra, respectively. Nonuniform sampling was employed for these five measurements of S-nitrosylated mGal-2, and data points in indirect dimensions were sparsely sampled by 50%. The sparsely acquired data were reconstituted and processed using the program MddNMR with compressed sensing [43, 44] .
The secondary structural elements of mGal-2 were analyzed by the program TALOS+ [20] using backbone 1 H N , 13 C a , 13 CO, 15 N, and side chain 13 C b chemical shifts of non-S-nitrosylated mGal2 and S-nitrosylated mGal-2. Time-dependent structural changes of mGal-2 induced by the addition of 5 mM hydrogen peroxide were analyzed through successive acquisition of 1 H-15 N HSQC spectra [45, 46] N HSQC spectrum was acquired in 97 min with a scan number of 16 and a recycling delay of 1.2 s. Proteins were used at a concentration of 0.38 mM in 10 mM MES buffer (pH 6.5) in 5 mm symmetrical microtubes (Shigemi). The intensity of each cross-peak was plotted against the elapsed time after the addition of hydrogen peroxide, and the aggregation rate constants (k aggregation ) were obtained by fitting the data to the equation I t ð Þ ¼ I 0 e Àk aggregation t .
To measure hydrogen/deuterium (H/D) exchange rates of the main-chain amide protons of mGal-2, we prepared uniformly 
Homology modeling of the Gal-2 structures
The structural model of mGal-2 was built using the SWISS-MODEL server [47] . The crystal structure of hGal-2 (PDB ID 1HLC), which shares 67% amino acid sequence identity with mGal-2, was used as the template for the model. The modeled structure of the C57M mutant of hGal-2 was constructed using the FoldX program [48] implemented as a plugin for the YASARA molecular viewer [49] . The crystal structure of hGal-2 (PDB ID: 5DG2, chain A, 1.61
A resolution) was used as the template structure. The Mutate residue menu was used to introduce the C57M substitution and calculate the resulting free energy change [48] .
